The radial water distribution and irrigation performance of an agricultural sprinkler with plastic nozzles were analysed. Twenty-six tests with an isolated sprinkler corresponding to different 
INTRODUCTION
Knowledge of the water distribution along the wetted radius of an impact sprinkler is crucial to characterise the water distribution and uniformity of a solid-set sprinkler system. This relationship between the discharge and distance to the sprinkler is known as the radial curve of the sprinkler.
A representative measurement of the radial water distribution must be obtained under calm conditions to avoid the strong influence of wind on the sprinkler water distribution (Tarjuelo et al., 1999a) . Ideally tests to obtain these curves should be obtained in indoor facilities but these facilities often are not available and tests usually have to be made under open-air conditions during calm periods. The absence of wind is necessary in order to obtain a reliable radial curves. Experiments made by Sánchez et al. (2011) , where water was collected in four radii of pluviometers located in north, south, east and west directions around an isolated sprinkler, showed that even at low wind speeds where there is a dominant wind direction important changes can be seen They found that there was a threshold value of 0.6 m s -1 for the reliable determination of radial curves in open air conditions.
The uniformity of a solid-set system under calm conditions can be assessed through the overlap of the individual water distribution of sprinklers at the selected sprinkler spacing (Tarjuelo et al. 1999a ). Theoretically, under calm conditions the overall water distribution derived from the radial water distribution curve is circular. However, under field conditions usually the sprinkler distributions are deformed due to wind speed and direction. The determination of sprinkler uniformity at the farm level requires the on-site evaluation of a sprinkler system under different field operation conditions or the use of mathematical simulation models that take into account the modification of the sprinklers water distribution due to the design and management parameters which affect performance. The models require a knowledge of the radial water distribution curve to facilitate evaluation of sprinkler irrigation under a wide range of management and environmental conditions with minimmum experimental effort (Carrión et al., 2001; Lorenzini and De Wrachien., 2005; Playán et al., 2006) .
The performance of sprinkler irrigation depends on design and operational factors. The most important design factors are the sprinkler type, the use of one or two nozzles, nozzle diameters and sprinkler spacing. Operational factors include working pressure, the time of irrigation and environmental conditions during irrigation, mainly wind speed (Keller and Bliesner, 1990; Carrión et al., 2001; Playán et al., 2006) .
Irrigation uniformity and wind drift and evaporation losses (WDEL) are usually the parameters used to define the irrigation performance of solid-set sprinkler irrigation systems.
Generally, distribution uniformity equations such as the Christiansen uniformity coefficient (CUC, Christiansen, 1942) are the main parameters used to determine whether an irrigation system is acceptable or not (Brennan, 2008) . Sánchez et al., 2010a and 2010b compared CUC and WDEL in solid-set sprinkler irrigating maize and alfalfa and found that the sprinkler performance parameters were also affected by the height of the pluviometers where the water application was measured and by the height and type of the crop canopy.
Wind speed is the meteorological variable more directly related with the irrigation performance through its effects on the CUC and WDEL (Playán et al., 2005) . Faci and Bercero (1991) found that the CUC of solid set sprinklers decreased when wind speed was greater than 2 m s -1
. Dechmi et al. (2003) and Playán et al. (2006) found that the CUC of lateral movement irrigators was less affected by wind speed than solid-sets.
The solid-sets that are used in the Ebro River Basin, Spain incorporate metallic impact sprinklers with brass bodies and brass nozzles screwed into the body of the sprinkler. When these nozzles are blocked it is necessary to use a tool to unscrew the nozzles and clean them. This task is made more difficult because the sprinklers often are installed at 2.3 m above ground level and also the jet straightening vane located inside the main nozzle can be lost during the unblocking process. In order to avoid these problems some sprinkler manufacturers have developed sprinklers with brass or plastic bodies and plastic nozzles that can be easily removed or inserted in the body of the sprinklers by hand using a bayonet fitting. These plastic nozzles have some parallel lines engraved into the inside of the nozzle in the direction of the water flow to avoid the use of the jet straightening vane. The engraved parallel have the same function as the straightening vane; by making the jet more compact they achieve a greater throw and decrease the influence of wind. It has been shown that when using a straightening vane at wind speeds higher than 2 m s -1
, CUC values are higher (Tarjuelo et al., 1995) .
More detailed technical information is needed in order to know the possible advantages and the irrigation performance of using this design of plastic nozzle. This study includes the determination of the radial curve of an impact sprinkler with brass body and plastic nozzles operating at different working pressures with different diameters of the main nozzle. This study also analyses the irrigation uniformity of a solid set equipped fitted with this type of sprinkler. Results of tests to determine the radial water distribution curve and the overall water distribution achieved by a solid-set were compared with results obtained from metal impact sprinklers fitted with the traditional brass nozzles and operated in the same experimental conditions.
MATERIAL AND METHODS
Experiments were conducted at the experimental farm of the Agrifood Research and
Technology Centre of Aragón in Zaragoza, Spain (41º43' N, 0º48' W, 225 m altitude) during 2009 and 2010. Two sets of experiments were performed. The first set was carried out using a single sprinkler located above bare soil. The second set of experiments was performed using a solid set of sprinklers mounted at a rectangular spacing of 18 m x 18 m. The experiments were made taking into consideration the recommendations of Merriam and Keller (1978) and the relevant International Standards: ASAE S330.1 (Anonymous, 1987) , ISO 7749/1 (Anonymous, 1995) and ISO 7749/2 (Anonymous, 1990 ). The body of the sprinkler is made of brass provided with two outlets for the insertion of the plastic main and auxiliary nozzles, both with a bayonet coupling.
Single sprinkler tests
A single sprinkler, model RC 130BY, was installed in a riser pipe at 2 m above ground level (a.g.l). The irrigation depth (ID) emitted by the sprinkler was collected in pluviometers located along four perpendicular radii at distances from the sprinkler ranging from 0.3 to 16.3 m and separated at 0.5 m (Fig. 1a) . Additional pluviometers were installed at 0.15 m from the sprinkler in each radius to determine precisely the ID in the area adjacent to the sprinkler. A total number of 34 pluviometers were installed in each radius at 0.4 m above the ground level ( Figure 1a ). The radii of pluviometers faced north (N), west (W), south (S) and east (E) directions. Each pluviometer was 0.40 m high and conical with a circular opening of 0.16 m.
The pluviometers were marked with 1 mm intervals of precipitation. The experimental plot was surrounded by windbreaks trees to minimise the effect of the wind as shown in Fig. 1 .
Three inside diameters of the main nozzle were tested in the isolated tests: 4, 4.5 and 5 mm.
The sprinkler included in all tests a plastic auxiliary nozzle with 2.5 mm inside diameter. The sprinkler was operated at three ranges of working pressure (200, 300 and 400 kPa). Since dead calm was not possible, the tests were performed under low wind conditions (<1 m s -1
).
The mean duration of the tests was 2 h. Twenty six tests with different combinations of diameter and pressure were performed but only the nine tests with the lowest wind speed were selected to determine the radial curve (Table 1) .
The working pressure in the isolated sprinkler installation was controlled with manual valves and a manometer installed in the head control of the experiment (Fig. 1a) . The working pressure at the sprinkler was measured at 5-min intervals with a pressure transducer model 1 The mention of trade names of commercial products in this chapter is solely for the purpose of providing specific information and does not imply recommendation or endorsement by the CITA-DGA or by the CSIC.
nozzles. (Fig. 1a) . The volumetric water meter had a precision of 0.1 l.
The Torricelli's theorem and the orifice equation, (Norman et al. 1990 ) was used to calculate the discharge coefficient (C D ) of the sprinkler for each combination of diameter and pressure, that is expressed as:
Where C D is the discharge coefficient, A the area of the nozzles orifices (mm
). p pressure in nozzle (kPa), and k a constant.
Concerning Eq. 1, several studies applied to agricultural sprinklers interpreted that C D is essentially independent of pressure for a given nozzle and that k is constant and equal to 0.5 (Li, 1996; Li and Kawano, 1998; Tarjuelo et al., 1999a) . In the present work it was assumed that k was equal to 0.5 and a single C D was determined for each sprinkler nozzle diameters working at different pressures.
Three sprinkler models were compared: the RC130-BY evaluated in this research, the RC130-L evaluated by Playán et al. (2006) and the VYR-35 evaluated by Zapata et al. (2007) . The two last sprinkler designs have brass bodies and nozzles and are widely used in the solid set systems in the Ebro Valley (Spain). The radial water distribution was compared for these three sprinklers.
Solid set experiment
The solid set tests were tested in an experimental plot equipped with 16 sprinklers (RC130-BY) fitted with plastic nozzles at a regular spacing of 18 m × 18 m ( Fig. 1.b) . The working pressure in the sprinkler solid-set was measured using a pressure transducer using the same method that was used in the isolated tests. Irrigation performance was evaluated using the collected irrigation depth in a network of 25 pluviometers installed at 3.6 m x 3.6 m in the area between the four sprinklers located in the centre of the experimental field (Fig. 1b) .
Each pluviometer represents an area of 13 m 2 . Rows of horizontal plastic platforms were installed in the experimental area in order to facilitate the access to measure the collected depth of water in the pluviometers. The CUC and WDEL were assessed from the water depth collected in the pluviometers. The same type of pluviometer as used in the isolated sprinkler tests was used.
The CUC in each solid-set evaluation was calculated using the following equation (Christiansen, 1942) :
Where n is the number of pluviometers, h m is the mean water depth collected and h i is the water depth collected in pluviometer I.
The water depth emitted by the sprinkler (ID, l m -2
) was calculated in each solid-set test using the following equation:
Where Q is water discharged (l s The WDEL during each test was estimated as the percentage of the water depth emitted by the sprinklers (ID) that was not collected in the pluviometers (Dechmi et al., 2003; Playán et al., 2005; Sanchez et al., 2010a) :
Where ID CC is the mean water depth collected in the pluviometers and ID the mean water depth emitted by the sprinkler. (Dolado, 1999) .
The adjusted coefficient of determination (adjusted R 2 ), the mean square error (MSE), the coefficient of efficiency (E) defined by Wilcox et al. (1990) , the similarity index (IS) (Willmott, 1981) and the root mean square error (RMSE) were analysed. Two additional statistics parameters were introduced to evaluate the predictive capability of the equations: the average magnitude of the relative error (AMRE, %) and the prediction level 25 (Pred [0.25]) (Dolado, 1999) . The Pred [0.25] is the percentage of the estimated values differing from the measured value by less than 25% (Dolado, 1990 and Playán et al., 2005) . Finally, the CUC and the WDEL of a solid set with the same spacing as the experimental solid-set (R18x18) was simulated for the same experimental sprinkler model but with the brass nozzles for the same operating and meteorological conditions of the evaluation tests using the ballistic model Ador-sprinkler (Dechmi et al. 2004 a; b and Playán et al., 2006) .
The Ador-sprinkler model applies ballistic theory to determine water distribution resulting from sprinklers subjected to a wind vector (Dechmi et al., 2003) . The model uses a drop size distribution equation whose parameters depend on the sprinkler type, nozzle diameters, meteorological conditions and operating pressure.
RESULTS AND DISCUSSION

Isolated sprinkler tests
The parameter The radial water distribution for each test was calculated from the mean of the water distribution in the four radii. This is based on the concept that the distribution of the water applied must be equal in the four radii under calm conditions. However, the distribution of water collected was noticeably differed between the radii in many tests, both in the shape and in the total volume of water collected (data not shown). Finally, eight selected radial water distribution curves were obtained for the three nozzle diameters (4.0+2.5, 4.5+2.5 and 5.0+2.5 mm) and three working pressure (200, 300 and 400 kPa) combinations (Fig. 2) . The single sprinkler test performed for the combination of nozzle diameters 5.0+2.5 mm and working pressure of 400 kPa was not adequate to determine the radial water distribution curve due to a wind speed of 1.5 m s -1 and a predominance of a wind direction (Table 1) .
Comparison of radial curves of sprinklers with plastic and brass nozzles
The radial patterns obtained with the sprinkler model RC130-BY (Fig. 2) in the present work, were compared with the existing radial water distribution curves for sprinkler models RC130-L and VYR-35 obtained in previous works using the same experimental facilities (Playán et al., 2006; Zapata et al., 2007) . Comparisons were made by the method of paired samples, using the data of the tests of the different sprinkler models performed for the same nozzle diameter and operating pressure. Three typical shapes of radial water distribution curves have been reported in the literature: triangular, rectangular and donut (or toroidal). The triangular shape corresponds usually to the use of sprinklers with two nozzles, the rectangular shape to the use of sprinklers with one nozzle without SV, and the donut shape to the combinations of sprinklers with one nozzle operating at very low pressure (Tarjuelo et al., 1999a) . The radial water distribution curves for the presented sprinklers did not match any of the three typical shapes but were combinations of them. Changes in main nozzle, or in the operating pressure, had more influence on the amount of water delivered by the sprinkler than on the shape of the radial water distribution curve. Tarjuelo et al. (1999a) reported that the shape of the radial water distribution curve is mainly determined by the sprinkler model and its internal design, the discharge angle and by the jet break-up mechanism of the sprinkler.
The paired samples analysis showed that only two radial water distribution patterns were statistically similar: the RC130-BY with the combination of 4.5mm at 300kPa and the RC130-L with the combination of 4.4mm at 300kPa (Fig. 2.e) . The other comparisons for the different sprinkler models and combinations of nozzle diameter and pressure were different in shape.
Solid-set experiment
Fifty tests corresponding to different combinations of nozzle diameter and pressure were carried out in the solid-set experiment using the sprinkler model RC130-BY under a wide range of meteorological conditions. Operating pressure in the different solid set evaluations varied between 188 and 392 kPa ( Table 2 ). The average duration of the solid set evaluations was around 2.2 h (  0.31h) and varied from a minimum of 1.6 h to a maximum of 3. Several studies have shown that the wind is the main environmental factor affecting sprinkler irrigation performance (Seginer et al., 1991a (Seginer et al., y 1991b Kincaid et al., 1996; Dechmi et al., 2004a, b; Playán et al., 2005; Sanchez et al., 2010a, b; Tarjuelo et al., 1999c; Yu et al., 2009; Sánchez et al., 2011; Stambouli et al, 2012) . In agreement with these studies, in this work the wind speed decreased CUC (Fig. 3 ) and increased WDEL (Fig. 4) . The wind speed has also been reported by several authors (Playán et al., 2005; Zapata et al., 2007; Sánchez et al., 2011) as the most significant variable affecting the WDEL. However the selection of the predictor variables was more complicated in the case of the WDEL than in the case of CUC. When all the variables were included, only U and D were found significant (data not shown). Both variables have been previously selected among the predictor variables of the WDEL in other studies in sprinkler irrigation (Faci et al., 2001; ; Keller and Bliesner, 1990; Tarjuelo et al., 2000) . The operating pressure was not significant in the present work although it has been included in many previous studies (Keller and Bliesner, 1990; Montero, 1999; Tarjuelo et al., 2000; Yazar, 1984) . showing the suitability of this line of research and pointing out that, in connection with this subject, manin nozzle diameter and pressure must be analysed together. In other studies, solid set sprinkler irrigation systems have been evaluated for different combinations of nozzle diameter and pressure (Playán et al., 2006; Tarjuelo et al., 1999b Tarjuelo et al., , 1999c Sanchez et al., 2011) . Some studies like that by Kincaid (1982) analysed the combined effect of nozzle diameter and pressure on the water distribution of the sprinklers, however, others authors highlighted the effects of D and p separately. Kohl (1974) reported that the effect of nozzle diameter on the drop size distribution is smaller than the effect of pressure, apparently; the relationship between CUC and WDEL with the wind speed was affected by diameter and pressure. Apparently, these relationships differed depending on pressure, and these differences decreased when the nozzle diameter increased. ) proposed by Faci and Bercero (1991) , that represented 52 % of the total number of irrigation evaluations, ) was larger than 62 % (Table   3 ).
Comparison of the measured (RC130-BY sprinkler) and simulated (RC130-
The water distribution pattern of a sprinkler layout is the result of the overlapping of the jets of water emitted by the sprinklers. Tarjuelo et al. (1999b) and Keller and Bliesner (1990) showed that water distribution pattern of solid set sprinkler irrigation systems was dependent on technical and meteorological conditions. For design purposes, the sprinkler model, nozzles sizes, operating pressure, sprinkler layout and sprinkler height above the soil are variables that should be considered.
The results obtained in this work showed that the selection of an adequate sprinkler is complex since its performance depends on many factors of different nature, many of them out of the control of the farmer. The knowledge of the radial water distribution curve of the sprinkler and empirical models such as Ador-sprinkler are useful for decision making since they allow the simulation of the sprinkler irrigation performance under very different conditions. However, thorough investigations are needed to acquire a better understanding about the processes involved in the formation and the atomisation of the jet and the evaporation and the drift of the resulting water drops. This is the path towards accurate physical models which should be valuable for the manufacturers of agricultural sprinklers, for farmers and society as a whole that needs and demands the efficient use of irrigation water.
CONCLUSIONS
The water distribution in a solid-set spacing depends greatly on the shape of the radial water distribution curve of the sprinkler selected. The information given in the sprinkler catalogues by sprinkler companies is often very limited and insufficient for sprinkler design purposes.
The information of the standard radial water distribution of sprinklers should be included in sprinkler technical information since this information is important for an optimum sprinkler design.
The results showed that characterisation of the radial water distribution of impact sprinkler with plastic nozzles in single sprinkler tests in open air conditions requires several precautions because the wind significantly distorts the water distribution pattern. As previously shown by Sanchez et al. (2011) with impact sprinklers with brass nozzles, it is recommended that evaluation tests of single sprinklers should be performed with wind speeds lower than 0.6 m s -1 and in the absence of a dominat wind direction. Otherwise, the resulting radial water distribution curve will not be suitable and it will provide erroneous results. Many tests in our single sprinkler experiment were not suitable mainly due to a predominance of the wind direction during the test and in some cases to an increase in wind speed during the test. In 50% of the tests the wind direction frequency was higher than 34%
invalidating the results. All tests with wind speed higher than 1.5 m s -1 were also discarded in this study. Therefore only 8 out of the 26 tests carried out were suitable for the determination of the radial water distribution. 
